Nanostructured magnets benefiting from efficient exchange-coupling between hard and soft grains represent an appealing approach for integrated miniaturized magnetic power sources. Using a bottom-up approach, nanostructured materials were prepared from binary assemblies of bcc FeCo and fcc FePt nanoparticles and compared with pure L1 0 -FePt materials. The use of a bifunctional mercapto benzoic acid yields homogeneous assemblies of the two types of particles while reducing the organic matter amount. The 650°C thermal annealing, mandatory to allow the L1 0 -FePt phase transition, led to an important interdiffusion and thus decreased drastically the amount of soft phase present in the final composites. The analysis of recoil curves however evidenced the presence of an efficient interphase exchange coupling, which allows obtaining better magnetic performances than pure L1 0 FePt materials, energy product above 100 kJ.m -3 being estimated for a Pt content of only 33%. These results clearly evidenced the interest of chemically grown nanoparticles for the preparation of performant spring-magnets, opening promising perspective for integrated subcentimetric magnets with optimized properties.
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Introduction
High potential applications such as Micro-Electro-Mechanical Systems (MEMS) and the derived biosensors require sub-centimetric permanent magnets with high remanent induction (B r ) and energy product ((BH) max ) [1] . Indeed, the magnetic flux density available, being independent of the size, permanent magnets represent the most attractive choice for miniaturized magnetic power sources [2] .
Three main categories of permanent magnets are nowadays available, the ferrite based-magnets, which are by far the cheapest but exhibit poor properties ((BH) max ~ 10-30 kJ/m 3 ), the AlNiCo magnets with intermediate properties (40- 80 kJ/m 3 ), and the highly performant rare earth-based (RE) magnets (120 -400 kJ/m 3 ) [3] . For MEMS applications energy products above 100 kJ/m 3 should be targeted, limiting so far the choice to RE-magnets. However, their fabrication and integration into predefined circuits remains highly challenging. Thus, important efforts are devoted to: i) materials, which should fill the gap between AlNiCo and RE magnets without suffering from corrosion issues, and ii) processes which should be redefined to be scalable down to submillimeter sizes, contrarily to the classical metallurgic processes used.
Exchange coupling between soft and hard phases, providing respectively a high saturation magnetization (Ms) and a large anisotropy (K), could fulfil both objectives of performance and integration [4] . For the FeCo alloy, which exhibits one of the highest saturation magnetization (μ 0 M S = J/m 3 ) [6] could allow one to fully benefit from the potential (BH) max .
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However, for the exchange coupling to be effective, a fine tuning of the nanocomposite microstructure is required [7] :
-The characteristic dimensions of the soft phase grains should not exceed a critical size (D mc ) to prevent magnetic decoupling and the apparition of a two-step hysteresis curve. [8, 9] This critical size depends on intrinsic parameters of hard and soft grains and is typically in the order of few tens of nm. [10, 11, 12] -The grain size of the hard phase should also be lowered to the same extent to allow a high volume fraction of the soft phase, and thus, a high magnetization of the nanocomposite [9, 13] . Consequently the best expected microstructure consists in small hard phase grains densely distributed within in a soft matrix [4, 8] .
Since the pioneer works on exchange coupled nanomagnets [4, 14] and the giant energy products predicted [4, 8] , intensive researches have been dedicated to their elaboration by various approaches.
Conventional metallurgic approaches, [15, 16] such as ball milling or melt spinning, led to fairly broad grain size distribution, and thus non optimized exchange coupling. On the contrary, sputtering deposition [7, 17, 18, 19] [22, 23, 24, 25] , nor the optimization of the consolidation process [17, 26] could so far reduce the Pt amount without altering the properties of the magnet.
We report here a systematic study of the assembly and thermal annealing of chemically grown FeCo and FePt nanoparticles. The structural and magnetic properties of the obtained composites are compared to pure FePt materials, highlighting the beneficial impact of the soft phase, high (BH) max (≥ 100 kJ/m 3 ) being estimated, even at low Pt content (33% atomic).
Methods

FeCo NPs synthesis
6 nm Fe 50 Co 50 NPs were synthesized using an adapted organometallic approach [27] . 150°C for 48h in mesitylene and in the presence of long chain surfactants (hexadecylamine -HDA, and palmitic acid -PA). The precursor concentrations were kept at 20 mmol/L. HDA and PA concentrations used were 80 mmol/L and 55 mmol/L respectively. After reaction, the excess of surfactant was removed by magnetically assisted separation under inert atmosphere to prevent any oxidation and the particles were kept as a powder in the glove box. 3 and Pt(acac) 2 precursors initially introduced. 
FePt NPs synthesis
Binary assembly
Thermal annealing
The powders were placed in ceramic boats and annealed under forming gas (93% Ar, 7% H 2 ) in a tube furnace. A heating rate of 20°C/min was applied to reach the set temperature of 650°C. After 1h at 650°C, the powders were allowed to cool down to room temperature under forming gas.
Structural and morphological characterization
The two types of particles and the binary assemblies were characterized by transmission electron microscopy (TEM), using a 100kV Jeol JEM 1011 and high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) using a 200 kV JEOL JEM 2100F and a FEI Titan
Low-Base probe-corrected microscope working at 300 kV. For sample preparation, the particles were redispersed in toluene and a drop of the dispersion was deposited on a carbon coated copper grid.
Energy Dispersive X-Ray Spectroscopy (EDX) analyses were performed on powders deposited on a carbon tape using SDD Bruker detectors on a 30 kV JEOL JSM 7800F Scanning Electron Microscopy (SEM). Chemical composition has been determined using PB-ZAF corrections and averaged on 9 different areas. Chemical mapping have been performed using a 200 kV JEOL JSM 2100F and on a 300kV FEI Titan Low-Base TEMs. The Cliff-Lorimer correction, well suited for thin samples, was used.
Powders X-ray diffraction (XRD) patterns were recorded on a PANalytical Empyrean diffractometer using the Co K  radiation.
To further characterize the efficiency of the fcc phase conversion to L1 0 , the ordering factor S 1 of the tetragonal L1 0 phase was determined for FePt and FePt-FeCo composites as :
where I 001 and I 002 represent the intensity of the (001) and the (002) peak of the L1 0 structure respectively [28] .
Magnetic characterization
Magnetic measurements were performed using a Quantum Design Physical Property Measurement System (PPMS) in the Vibrating Sample Magnetometer (VSM) configuration. Powders were mixed with tetracosane to prevent the physical motion of the particles under magnetic solicitation, as previously described [29] . Manual compaction was performed to densify the powders. Hysteresis loops were recorded at 300K and 5K for applied magnetic fields varying between +/-5T.
DC Demagnetization (DCD) measurements consists in determining the intermediate remanent magnetizations in the second and third quadrants of the major hysteresis loop by applying and releasing successive negative magnetic fields -H i , to progressively demagnetize the material (figure 1).
For each field -H i , the two curves between H= -H i and H=0 enclose a loop, known as recoil loop.
While for conventional magnets the recoil curves are fairly flat, they become steeper in spring magnets due to the reversible rotation of the soft phase moments under external magnetic fields [4, 7, 15, 30, 31] .
To quantitatively analyze the magnets, one can determine (i) the recoverable magnetization (M rec ), which represents the magnetization recovered along the recoil loops, (ii) the recoverable ( rec ) and (iii) the reversible ( rev ) susceptibilities, corresponding to the mean and local slope of the recoil loops respectively (figure 1). For comparison purposes, these values have been normalized by the remanent magnetization M r as follows :
where M(0) and M(-Hi) correspond to the intermediate remanent magnetization and the magnetization at the reversed field -H i respectively, while H and M represent a small variation of magnetic field (typically µ 0 H=100 mT) and the corresponding variation of magnetization. DC Demagnetization measurements were performed on previously saturated samples by applying a negative magnetic field -µ 0 H i at a speed of 10 mT/s. A 20 s delay was then applied to neglect magnetic viscosity before the field was reversed down to 0T, keeping the 10 mT/s speed [30] . The process was repeated until the negative saturation field -5T was reached. The reversible susceptibility at -H i was measured from the 10 first points of measurement on the recoil curve, corresponding to a field range of µ 0 H  100 mT.
Evaluation of (BH) max
B(H) loops were calculated from the M(H) loop considering dense materials and assuming that their densities can be calculated as the average of the volumic masses for each chemical element:
where ρ(i) and f i correspond respectively to the volumic mass and to the volume fraction of the material i, with ρ(Fe) = 7860 kg.m -3 , ρ(Co) = 8900 kg.m -3 and ρ(Pt) = 21450 kg.m -3 .
The ideal volume magnetization could be deduced:
And the induction determined : Chemical mapping of Fe, Pt and Co elements were performed using STEM-EDX technique (figure S3
Results
Characterization of the precursors
in SI) revealing that the three elements are uniformly distributed.
XRD patterns evidence the presence of the fcc FePt phase, however the bcc FeCo phase could not be clearly detected, even for the highest FeCo content (figure 2g), the Pt atomic scattering factor being much higher than those of Fe and Co [33] . High ordering factors S 1 (eq. (2)) were determined revealing a high degree of conversion (table 2) . The S 1 could not be calculated for R34 samples due to the superimposition of the additional phases. The a and c lattice parameters were determined as they provide information on both the ordering and the incorporation of Fe or Co elements as previously shown theoretically [34, 35] and experimentally [36, 37] . When the proportion of FeCo introduced in the composites increases, both a and c parameters deduced from the XRD diminish ( Figure 5a shows the hysteresis curves recorded at room temperature of the three binary assemblies (B45, B40 and B33) and the corresponding references (R48, R41 and R34), As expected, the magnetization measured at 5T, referred to from now as M-5T, kept on increasing when the Pt content decreased in the assemblies and the corresponding references (figure S4 in SI).
Characterizations after
Magnetic characterization
Hysteresis curves.
The evolution of the coercivity as a function of the Pt content observed in pure FePt NPs (figure 5b) was however non monotonic and could be explained by the modification of the magnetocrystalline anisotropy of the L1 0 -phase with the composition, the maximum being expected for Fe 55 Pt 45 [36, 38] .
Even if a similar trend was observed for the binary assemblies, due to interdiffusion process, the B33 sample was outstanding (table 3) . Indeed, coercivities of µ 0 H C = 0.7 T and 0.97T were measured at 300K and 5K, respectively, far above the values of the R34 reference (figure 5c). The total susceptibility curves, which correspond to the slope of the demagnetization curve in the second and third quadrants, were determined (figure 5d). For comparison purpose, we normalized this susceptibility by the remanent magnetization (Mr) as follows :
The normalized susceptibility exhibits a single maximum at the coercive field, evidencing a singlestep reversal of magnetization in the B33 composite at 5 and 300 K.
DC demagnetization, Recoil curves.
Though less studied than Henkel plots and δM plots, recoil curves, recorded during DC demagnetization (DCD) process, give information on the reversibility of the magnetization reversal of a material and thus on the presence of interphase exchange coupling in multiphasic materials [4, 7, 39, 40] .
Recoil curves were fairly flat for B45 and B40 samples. B33 exhibit a slightly steeper shape, expected in spring magnets [15] . The recoil loops are rather closed as in monophasic magnets, except for B33 sample, which contains the highest FeCo content (figure 6b and S5 in SI). When the field returns to zero, the soft moments will flip back to their initial position, due to the coupling with the hard phase moments, leading to an important recoverable magnetization M rec . This effect reaches its maximum just before the irreversible rotation of the hard phase moments starts, i.e.
slightly below the coercive field [4, 15] . However, none of our composites exhibit clearly such feature.
Instead, a fairly constant increase, close to the expected behavior of single-phase magnets, was evidenced. A slope change is however observed around the coercivity, the amplitude of which increases with the proportion of FeCo introduced. This effect is highlighted by the recoverable susceptibility  rec which presents a clear maximum around the coercivity (figure 7b). references after a 1 h annealing at 650°C under forming gas. Dashed lines : coercive field.
Contribution of the reversible susceptibility to the total susceptibility. Another way of
characterizing the presence of exchange coupling between hard and soft grains consists in evaluating the reversibility of the magnetization reversal process. To do so, the reversible susceptibility  rev , measured as the initial slope of the recoil curves, is compared to the total susceptibility  tot , calculated as the derivative of the demagnetization curve ( figure 8 ).  rev / tot ratio were determined for the different samples, except for R34 due to its soft magnetic character. For pure FePt references, the  rev / tot ratio falls in the range 4-5%, in agreement with previous reports on single phase magnets 
Discussion
The preparation of exchange-coupled magnets based on a bottom-up approach was not as widely studied as one could expect based on the promising results obtained in 2002 by Zeng et al. [21] .
Several challenges should indeed be overcome to obtain an efficient exchange coupling between chemically grown nanoparticles. Among them, the presence of large soft grain domains in the final material being detrimental to an effective exchange-coupling [8] ]. In our case, a simple ligand-exchange process using 4-mercapto benzoic acid could induce a fairly homogeneous distribution of FeCo and FePt nanoparticles within assemblies. Colloidal solutions could easily promote binary assemblies while decreasing the amount of organic matter, without facing any phase separation issues even for the highest FeCo content introduced (34% at.).
Another challenge consists in preserving the homogeneous size distribution during thermal annealing.
Indeed, the high temperature required to convert fcc FePt NPs into hard L1 0 phase may promote sintering and interdiffusion between adjacent nanoparticles. This interdiffusion is a major drawback since the proportion of the soft phase in the final material may dramatically shrink and could not be precisely controlled ( figure 9 ). In our case, the treatment at 650°C under forming gas induced the total dissolution of the FeCo nanoparticles into a L1 0 -Fe 49 Co 6 Pt 45 phase for sample B45, which exhibits the same magnetic and structural properties than pure Fe 52 Pt 48 NPs (R48). 
Conclusion
We reported here a systematic study on the structural and magnetic properties of nanostructured materials prepared from binary assemblies of FeCo and FePt nanoparticles and the comparison with pure FePt materials. The use of a bifunctional mercapto benzoic acid enabled us to obtain homogeneous assemblies of the two types of particles in a fairly easy way. Thermal annealing performed at 650°C led to the important interdiffusion of FeCo into FePt phases, decreasing drastically the amount of soft phase present in the final composites. Despite this interdiffusion, the analysis of recoil curves evidenced the presence of an efficient interphase exchange coupling which enhanced the magnetic performances (BH) max .
To further control the structural and magnetic properties of the composite material, the use of FePtX or L1 0 -FePt NPs is now required to decrease the annealing temperature and thus prevent the interdiffusion. Though only few reports have been mentioned the interest in bottom-up approach for spring-magnets, we believe that chemically grown nanoparticles offer a very promising way to yield subcentimetric magnets with optimized properties.
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